Background: An optical Millimeter Wave (MM-Wave) generation with high frequency multiplication factor is very attractive solution to avoid the use of high frequency local oscillators at the central station. Results: The cascaded structure has resulted very low modulation index of 2.827 and 54 dB and 42 dB of OSSR and RFSSR respectively. Analysis of both optical and RF sided band suppression ratios under non-ideal cases are also simulated and presented. Further, 10 Gbps NRZ data transmission performance over 50 km Single Mode Fiber (SMF) is also evaluated. Conclusions: The proposed structure can tolerate up to few degrees of non-ideal parameter variation and is very simple to realize.
Background
In the recent years, there is a growing demand for the high speed data rate services, but which cannot be supported by existing congested frequency spectrum. To overcome the spectral congestion and support future traffic demands, use of MM-Wave frequency band has been proposed. The MM-Wave band ranging from 30 to 300 GHz provides huge bandwidth (BW) of about 270 GHz, due to this abundant BW it can be used in future wireless communication and space communication to provide long-distance ultra-capacity services [1] [2] [3] . However, one of the major issues of the MM-Wave communication is the generation and transmission since electrical generation of such high frequency signal is very troublesome process. Hence optical MM-Wave generation and RoF transmission methods have been proposed. Though there are several methods of optical MM-Wave generation techniques, external modulation based optical frequency multiplication techniques have gained much attention due to its higher modulation bandwidth, stability and flexibility [4] [5] [6] [7] . Several optical frequency upconversion/multiplication techniques have been demonstrated with different frequency multiplication such as four, six, eight, ten and twelve [8] [9] [10] [11] [12] [13] [14] [15] [16] . Aforementioned techniques have utilized external modulation with optical carrier suppression (OCS) for the better unwanted sideband suppression using Lithium Niobate -Mach-Zehnder Modulators (LN-MZM). Similarly, such a OCS phenomenon can also be achieved using phase modulators (PM) with higher modulation index [17] . The OCS based frequency multiplication will greatly improve RoF transport systems due to its dispersion tolerance. However, MM-Wave generation with higher frequency multiplication factors play major role in limiting the need for high frequency electronic RF LOs at the Central Station.
But, single MZM cannot provide sufficient flexibility to select and generate the desired higher order optical sidebands and hence several series parallel configuration have been utilized to achieve high frequency multiplication factors. Hasan et al. have utilized array of four phase modulators to generate frequency octupling and 24 tupling [18] . Recently, several frequency 16-tupling techniques have been demonstrated using two cascaded MZMs with two tunable lasers [19] , dual parallel MZMs [20] , two cascaded dual parallel MZMs [21] , and dual stage cascaded MZMs [22] . The modulation indices of these schemes are very high and used complex circuit arrangements. The higher modulation indices will have low conversion efficiency. Moreover, RFSSR and OSSRs of the proposals [19] [20] [21] are low. Hence in this paper, a cascaded combination of four MZMs is utilized to reduce the modulation index and improve the optical and RF sideband suppression ratios.
The organization of this paper is as follows, section 2 describes the mathematical modeling of the proposed technique section 3 demonstrates the numerical simulation results and finally section 4 concludes.
Methods
The schematic diagram of the generation of 60GHz milli-meter wave is shown in Fig. 1 , which predominantly comprises a laser diode (LD), Mach-Zehnder Modulator (MZM), Standard single mode fiber (SSMF) and photodetector (PD). The RF LO can be specified as is the modulation index, α is the insertion loss of the MZM, eq. 3 can be simplified using Jacobi-Anger expansion and the output can be written [24] as Figure 2 suggests the presence of only even order sidebands. Eq. 4 accords well with the obtained optical spectrum after MZM1.
This output is fed to MZM 2 in which an electrical phase shift of 45°is introduced. At this stage the output can be expanded as
Output of MZM2 is shown in Fig. 3 which indicates the presence of 2nd, 4th, 6th, 8th and 10th order optical sidebands which accords well with the eq. 6. Output obtained after MZM2 serves as an input to the next stage. An electrical phase shift of 45°is again introduced at this stage. The spectrum obtained after MZM3 is shown in Fig. 4 .
The spectrum obtained after MZM3 is shown in Fig. 4 . which shows a good agreement with equation (7) . The output of MZM3 is fed to MZM4 which is driven by an RF LO with 45°phase shift. From the expression obtained at the 4th stage it can be readily inferred that only 8th order sidebands exist and the rest are suppressed. According to the below eq. (8), the zeroth-order and fourth-order Bessel function become zero due to the modulation index and the electrical phase shift of 135° [20] . Due to their extremely low power, the higher order optical sidebands greater than eighth-order can be neglected. Now the eq. 8 can be approximately written as,
At the receiving end, the photo current is given [25] by,
where μ is the responsivity of the photo detector. The eq. (9) can be simplified neglecting the all other terms as,
The MM-Wave generation employs the frequency 16 tupling scheme using cascaded Mach Zehnder modulator. The source is a continuous wave laser which emits a light signal that serves as a carrier to drive the MZM. The usage of MZM is due to the advantages it offers in terms of modulation bandwidth, driving voltage and chirp. MZM requires a very low driving voltage but in turn offers a high modulation bandwidth. The MZM here, is employed for optical harmonic generation for optical frequency multiplication. The purpose of choosing MZM over other external modulators is because MZM has a predictable transfer function shape. An electrical phase shift of 45 degrees is introduced between them, the accurate adjustment of which aids in the suppression of all the harmonics other than the ones It is important to note that the MZMs operate at maximum transmission point. The first MZM suppresses all the odd harmonics present in the spectrum, leaving behind only the even harmonics in the spectrum. Before the first stage output is fed to the second MZM, the RF signal driving MZM2 is phase shifted by 45 degrees. The phase shifted RF signal is fed as the input to the second and the third MZMs, which further suppress the even harmonics, leaving behind the 8th harmonic on each side. Proper and efficient adjustment of dc biasing ensures that all the harmonics are suppressed except for the 8th harmonic on either side. Upon the photo detection, peak power is achieved in the 16th harmonics, while all the other harmonics are eliminated. The frequency of the input RF LO signal is 3.75 GHz, which generates an output signal with a frequency of 60 GHz which is 16 times the input RF LO. By cascading four MZMs with the output of each being successively phase-shifted by 45 degrees, we obtain peak power only in the 8th harmonic on either side, while completely eliminating and suppressing the other harmonics including the carrier, the presence of which is undesirable. The suppression of the carrier is mainly to avoid the wastage of power in transmitting the carrier because it is only the 8th harmonics that are desired to avoid compromise in the performance of the transmission. This 60 GHz frequency becomes important and extremely vital because it is the unlicensed band that supports a large number of applications involving high data rates. Simulation results and discussion Table 1 shows the different parameters and the specifications to be set to obtain the required output. We have used a 50 km long optical fiber cable with an attenuation of 0.2 dB per km which is ideal. The exact specifications and the values of the different parameters used are listed as follows The schematic used for evaluating the proposed technique is shown in Fig. 1 5 . The difference between the generated eight order sidebands is observed to be 60GHz and is transported over 50 km single mode fiber with attenuation co-efficient of 0.2 dB/ km and the dispersion of 16.75 ps/nm-km. An optical amplifier with sufficient gain is used to compensate the losses in the link. At the receiving side, a PIN photo diode receives and converts into electrical signal with 0.8 A/W responsivity and 10 nA dark current.
The effect of deviation of RF drive voltage from its ideal value is shown in Fig. 6 . It is observable that OSSR and RFSSR remain unaffected when RF voltage drifts negligibly from the ideal value. As the value of RF voltage deviates from the ideal value, a corresponding increase in degradation of sideband suppression ratios is noticeable. Hence RF voltage deviation of less than 0.05 V is suggestive for an OSSR greater than 32 dB and RFSSR greater than 16.5 dB.
Further, the effect of phase shift drifts between the microwave drive signals applied to MZMs from ideal values is shown in Fig. 7 . For deviations less than 0.5°, the achievable OSSR and RFSSR are more than 30 dB and 22.5 dB respectively.
These optical sidebands undergo intensity modulation with 10 Gbps baseband signal which is depicted in Fig. 8 . We make use of another MZM (MZ-5) for this purpose. As a consequence of signal modulation, optical sidebands are broadened, while modulation insertion loss attenuates the side bands to a negligible extent. The modulated signal is then photo-detected at the base station. Following this, filtering out of RF harmonics is achieved by means of a band pass filter (BPF) with a central frequency of 60GHz.Subsequent stages in demodulation of 10 Gbps signal include the employment of a 60 GHz LO and a mixer followed by low pass filtering.
The received signal contains data modulated 60 GHz MM-Wave signal. Figure 9 shows only dominant output of the RF spectrum. A 60GHz MM-Wave is generated from the 3.75GHz RF local oscillator. Simulations are repetitively performed considering varying fiber lengths and Bit Error Rate (BER) is computed. Figure 10 illustrates the plot of BER versus varying link distances; the performance of the generated 60GHz signal is acceptable.
Conclusion
In this paper, we have presented a novel 16 tupled MMWave generation technique using cascaded combination of four LN-MZMs and simultaneous RoF transmission system. The 8th order sidebands are alone generated without any optical filters. Modulation index of the proposed scheme is very low compared to the prior arts. An error free transmission of 10 Gbps data over 50 km SMF is demonstrated. The system can be practically implemented for the generation of optical MM-Waves and transmission of future multi-Gbps services to the customers. However, the bias drift issues of the proposed technique can be alleviated with the use of Polarization modulators. 
